Abstract. Fruit rot caused by Phytophthora capsici is a major constraint in cucumber (Cucumis sativus) production. In an effort to identify a source of resistance, we developed a more streamlined detached fruit method for high-throughput screening and tested the U.S. cucumber PI collection for fruit rot resistance. A total of 1076 PI collections, from 54 geographic locations around the world, along with the susceptible commercial cultivar, Vlaspik, were grown in the field and tested for resistance to P. capsici. Using the knowledge gained from our prior studies regarding greater susceptibility of young fruits compared with older fruits, very young fruits (' '3 to 4 days post-pollination) were collected and inoculated with zoospore suspensions of P. capsici isolate OP97. From the screens performed in 2011 and 2012, 99% of the tested PIs were rated as moderately or highly susceptible based on symptom development and pathogen growth at 5 days postinoculation. The cv. Vlaspik control showed consistent high susceptibility to P. capsici with a mean symptom rating of 8.0 on a 9-point scale.
Cucumber (Cucumis sativus) production in the eastern and midwestern United States is subject to severe losses resulting from fruit rot caused by the soilborne oomycete pathogen, Phytophthora capsici (Granke et al., 2012; Sonogo and Ji, 2012) . The disease causes commercial loads of harvested cucumbers to be rejected for sale and farmland to be removed from cucumber production. P. capsici has tremendous reproductive potential, allowing for rapid spread both within and between fields (Granke et al., 2012) . The sporangia, which are continuously produced throughout the growing season, release motile infective zoospores on contact with water and provide a constant source of inoculum for new infections. The pathogen also produces sexual oospores, which serve as long-lived overwintering structures. P. capsici is notable for its wide host range including numerous solanaceous, cucurbit, and legume crops (Hausbeck and Lamour, 2004; Tian and Babadoost, 2004) . The combined effects of broad host range, spread of the disease through infested irrigation water, and the ability of P. capsici oospores to survive in the soil for many years makes control by cultural practices very difficult (Gevens et al., 2007; Granke et al., 2012; Sonogo and Ji, 2012) . Furthermore, several strains of P. capsici isolated from states in the eastern, southern, and midwestern United States have developed resistance to key fungicides, reducing usefulness of some chemical controls (e.g., Café and Ristaino, 2008; Dunn et al., 2010; Jackson et al., 2012; Lamour and Hausbeck, 2000) . Collectively these factors dictate that yield losses resulting from P. capisci infection will be a continuing problem in cucumber production unless genetic resistance is developed.
Several recent studies have searched for sources of host plant resistance to crown rot and fruit rot caused by P. capsici in cucurbit crops. Screening of Cucurbita pepo accessions for crown rot resistance led to identification of eight accessions with low mean disease ratings (Padley et al., 2008) . Inheritance studies using a Cucurbita breeding line indicated that resistance is conferred by three dominant genes (Padley et al., 2009) . Five accessions of Cucurbita moschata were identified with resistance to Floridian isolates of P. capsici (Chavez et al., 2011) ; high levels of seedling-stage crown rot resistance were reported in S 1 progeny of three melon (Cucumis melo) introductions (Donahoo et al., 2013) ; and seedling resistance was observed in two accessions of watermelon (Citrullus lanatus var. lanatus) (Kim et al., 2013) . Several bottle gourd (Lagenaria siceraria) rootstocks used for grafting with watermelon also were found to confer crown rot resistance (Kousik et al., 2012b) . Screening for sources of resistance to Phytophthora fruit rot in watermelon identified four Citrullus lanatus var. lanatus accessions along with a Citrullus lanatus var. citroides and a Citrullus colocynthis accession (Kousik et al., 2012a) .
The primary losses caused by P. capsici infection of cucumber result from fruit rot (Hausbeck and Lamour, 2004) . P. capsici preferentially infects cucumber fruits, whereas leaves and vines remain healthy (Ando and Grumet, 2006; Grumet et al., 2013) . Thus, it is essential that screening for resistance is performed directly on fruit. A prior study (Gevens et al., 2006) tested more than 300 cucumber varieties and PIs, including 100 genotypes selected to provide a representative sample of genetic variance in the cucumber germplasm as determined by Knerr et al. (1989) . That study did not identify a suitable source of genetic resistance.
In the process of that screening, which was performed on harvest-stage fruit, we observed that larger fruit appeared to be less susceptible than smaller fruit. Analysis of hand-pollinated fruit of known ages ranging from 0 to 16 d post-pollination (dpp) showed that very young fruit (e.g., 0 to 4 dpp) were most highly susceptible (Gevens et al., 2006) . As fruits completed the period of rapid fruit elongation, at 10 to 12 dpp, they became less susceptible and were essentially resistant by 16 dpp. Developmentally regulated or agerelated resistance wherein resistance increases with plant or tissue age, has been observed in other host plant-pathogen interactions, including P. capsici infection of pepper, and subsequent studies with P.capsici infection of other cucurbit fruits (Ando et al., 2009; Develey-Rivière and Galian, 2007; Hwang et al., 1996; Meyer and Hausbeck, 2013) . These results have implications for disease control strategies including appropriate location and timing of fungicide applications. They also indicate that it is critical to screen the highly susceptible, young cucumber fruit when testing for resistance to P. capsici.
Fruit testing is time-, labor-, and spaceintensive. The objectives of this study were to develop a modified testing method to allow for a more efficient inoculation for highthroughput screening using young cucumber fruit and to screen the full U.S. cucumber PI collection for resistance to P. capsici. We used knowledge gained in our prior studies regarding greater susceptibility of floral ovaries and very young fruit and lack of difference in susceptibility between pollinated and parthenocarpic fruit (Ando, 2009; Ando et al., 2009; Gevens et al., 2006) , to develop a more streamlined fruit screening method and prevent misassessment of potential resistance that can occur as the fruits become older. Screening of the cucumber PI collection identified three accessions as potential sources for young fruit resistance to P. capsici.
Materials and Methods
Seed of 1297 cucumber PI accessions was provided by the North Central Regional Plant Introduction Station, Ames, IA (<http:// www.ars-grin.gov/cgi-bin/npgs/html/taxon. pl?12580#image>). Of those, 1076 PIs were not previously screened for resistance to P. capsici. The 1076 accessions were planted in small-plot, unreplicated trials of three plants/plot at the Michigan State University Horticulture Teaching and Research Center, East Lansing, MI, in the summers of 2011 and 2012. Seeds were planted into 0.8-m wide plastic mulch with 2 m between rows and 1-m spacing within rows. Local standard commercial production guidelines were followed for fertilization and insect and weed control (Bird et al., 2005) . Water was supplied by rain or by trickle irrigation to provide 25 mm per week. Pollination was facilitated by bees. Once the period of fruit setting began, fruit were harvested two or three times a week until 10 fruit had been collected from each PI. Fruit were collected on 15 dates in 2011 and 20 dates in 2012. Very young fruits, estimated to be 3 to 4 dpp based on fruit size and blossom appearance, were harvested and brought to the laboratory for inoculation.
The harvested fruit were washed, surfacesterilized by brief immersion in a 5% sodium hypochlorite solution, rinsed with water several times, and allowed to air-dry. A modified inoculation procedure based on the methods of Gevens et al. (2006) was developed to streamline the screening process. Phytophtora zoospore suspensions were prepared from P. capsisi isolate OP97 mycelia cultured on diluted V8 agar media as per Gevens et al. (2006) . After 7 d of culture, the plates were flooded with 6 mL sterile distilled water to release zoospores. A 20-mL aliquot was removed for quantitation by a hemocytometer. The remainder was diluted to a concentration of 1 · 10 5 zoospores/mL; 30 mL of the zoospore suspension was applied to the center of each fruit. Incubation was performed under constant light at 23 to 25°C in covered trays lined with wet paper towels to maintain high humidity as described by Gevens et al. (2006) . Fruit from the susceptible control 'Vlaspik' were included at each harvest to ensure effectiveness of the inoculation procedure. On rare occasions (less than 1% of fruit tested), the droplet did not remain on the surface of the fruit. In those cases, an additional one or two droplets were applied; in most cases, the droplet stayed on the surface after the repeat application. In those cases in which the droplet still fell off the surface, the combined droplets created a ''pool.'' The fruits were then placed on top of the pool for 24 h, a time that our prior methods development tests had shown was sufficient to establish infection. The fruits were then rotated so that the surface that was in contact with the inoculum was visible for scoring. In no case was potential resistance associated with failure of the droplet to remain on the fruit surface. In any case where it was not clear if the droplet ran off the fruit, the fruit was discarded from analysis.
The fruit were monitored daily for symptom development and obvious pathogen growth for a period of at least 5 d. All disease ratings used for analysis were taken at 5 d post-inoculation. In 2011 the fruit responses were scored using a disease rating scale of 1 to 5 defined as: 1 = no symptoms; 2 = mild water-soaking; 3 = water-soaking with necrosis; 4 = extensive water-soaking (may also include necrosis and/or obvious mycelium growth); 5 = tissue collapse (with or without obvious mycelium growth). In 2012 the rating system was modified to a 1 to 9 scale (illustrated in Fig. 1 ) to better capture the range of symptoms observed among the diverse genotypes. Responses with scores of 1 to 3 (i.e., no symptoms or minor symptoms limited to the point of inoculation) were considered resistant; 4 to 6 (i.e., moderate to extensive water-soaking and/or limited necrosis or mycelial growth), moderately susceptible; and 7 to 9 (i.e., moderate to extensive mycelium growth, sporulation, necrosis, and tissue collapse), highly susceptible.
Based on the initial screen of the full PI collection, 28 accessions were selected for further testing for reproducibility of observed potential resistance. The selected PIs had mean disease scores less than 2 in 2011 or less than 4 in 2012. An additional 16 accessions Fig. 1 . Symptom rating scale for young cucumber fruit response to inoculation with P. capsici. R = resistant; S = susceptible; HS = highly susceptible. from the moderate disease rating group that appeared to be segregating for resistance were also included for further testing.
To account for the possibility of segregation within the PI sample, subsequent testing of the putatively resistant PIs in 2013 was performed in the greenhouse and/or field using individual plants. To increase the number of samples that could be tested per plant in the greenhouse, a preliminary study was performed to verify correspondence between the response of unpollinated ovaries from female flowers at anthesis with that of young fruit (data not shown). For the greenhouse trials, five to 10 unpollinated female flowers were collected from each plant at anthesis and ovaries inoculated with zoospore suspensions as described previously. Progeny were produced on three accessions in the greenhouse for which individual plants had been verified to produce resistant fruit: PI109483, PI175693, and Ames 26084. One or two female flowers from those individual plants were hand-pollinated using male flowers from the same plant. Mature fruits were collected at 30 to 35 dpp and seed extracted for field planting in 2013.
Conditions for the 2013 field test were as described previously with the exception that 10 individuals of each potentially resistant PI were planted 2 m apart within a row, 3 m between rows, to allow testing of fruit from each plant separately. Harvesting of very young fruits and inoculation with P. capsici was performed as described previously. Fruit were harvested on 13 dates. In most cases 10 to 15 fruit were tested per plant with 100 to 200 fruit tested per PI or family sampled over multiple harvest dates.
Data were analyzed by Kruskal-Wallis test in SAS (SAS Institute, Cary, NC) followed by multiple comparisons using the Dunn method.
Results and Discussion
Sampling of very young fruits from the field, or ovaries from unpollinated flowers at anthesis in the greenhouse, combined with a revised zoospore inoculation procedure allowed us to more quickly prepare and apply inoculum, reduce space needed to perform the inoculation experiments, and prevent misassessment of potential resistance that can occur as the fruits increase in age. The vast majority of the tested PIs were susceptible or highly susceptible to P. capsici (Table 1 ; Fig. 2A 
of potentially resistant PIs is consistent with the previous screening study in which all of the tested accessions were susceptible to fruit infection by P. capsici (Gevens et al., 2006) .
Prior studies by Enzenbacher and Hausbeck (2012) and Gevens et al. (2006) tested several P. capsici isolates for virulence on cucurbits. With the exception of one that was less severe than the OP97 isolate used in this study, all were comparable to OP97 for infectivity on cucumber fruit. The virulence of OP97 was further demonstrated by the highly susceptible responses of the great majority of tested accessions (Table 1) . These results also indicate effectiveness of the zoospore inoculation procedure, which, in addition to greater ease of application for very large numbers of samples, more closely resembles the primary mode of inoculation in the field.
Of the PIs with very low symptom ratings at 5 d post-inoculation, there appeared to be two types of responses. Some exhibited delayed and much reduced symptom development (i.e., only some water-soaking without sporulation). Others did not produce symptoms or only showed small, localized necrosis limited to the site of inoculation (e.g., score of 2 or 3 on a 9-point scale; Fig. 1A ), Table 1 . Disease scores of the cucumber PI collection for fruit response to inoculation by P. capsici. possibly indicative of a hypersensitive response. In some cases, we observed a mixture of fruit within the same PI sample that exhibited resistant and susceptible responses. Because the close spacing of plants within the initial trials did not allow for differentiation among fruit produced by individual plants, it is possible that a mixed disease response could result from variability within the PI sample. Variability within cucurbit PI accessions for disease resistance responses has been observed frequently (e.g., Davis et al., 2007; Donahoo et al., 2013; Wechter et al., 2011) , possibly as a result of a mixed initial sample, or cross-pollination before or after initial collection.
Based on the screens in 2011 and 2012, 28 PIs were chosen for further testing in the greenhouse or field in 2013. In addition to PIs showing resistant phenotypes (mean disease scores less than 2 in 2011 or less than 4 in 2012), 16 accessions from the moderate disease rating group that appeared to be segregating for resistance were included for further testing (Table 1 ). The majority (61%) of the selected PIs were collected from Turkey or India (Table 2) . Although there were a greater number of accessions from China in the PI collection, only one showed potential resistance in the 2011-12 screens. This distinction among different geographical regions is consistent with population structure analysis indicating that cucumber germplasm comes from three distinct populations: China; India and Xishuangbanna; and Europe, America, and Central and West Asia (Lv et al., 2012 ). It appears likely that the resistance arose in Indian and/or West Asian germplasm.
To account for possible variability within the seed sample, subsequent testing of the putatively resistant PIs in 2013 was performed on individual plants. A small number was tested in the greenhouse in the spring of 2013; the majority were tested in the field. S 1 progeny were produced on three PIs in the greenhouse. In most cases 10 to 15 fruit were tested per plant with a total of 100 to 200 fruit tested for each PI or S 1 family. The PIs retested in the field in 2013 had much lower disease ratings than the full collection of PIs (t test, P < 0.00001), as evidenced by a shift in the population distribution and a mean disease rating of 4.7, indicating general reproducibility of resistance for the selected PIs ( Fig. 2C ; Table 2 ). The susceptible control, 'Vlaspik', had a rating of 7.7, consistent with results in 2012. In some cases there was a range in mean disease scores for fruit from individual plants within a given accession or family, e.g., PI605979, for which single plant means ranged from 2.1 to 6.5, suggesting genetic variability or segregation for resistance within the accession (Table 2) .
Three accessions (PI 109483 and PI 178884 collected from Turkey and PI 214049 from India) had low PI or family means; multiple plants with mean fruit scores less than 3.5; and 70% to 90% of total fruit with disease scores less than 4 (Table 2 ). In the case of PI 109483, scores from individual fruit in 2012 suggested segregation within the PI seed sample (Table 1) . Self-pollinated progeny from greenhouse-grown individual plants with resistant fruit provided several S 1 families that showed resistance. Disease progression lines for PIs 109483, 178884, and 214049 showed slow development of necrosis limited to the region of inoculation (Fig. 3) . Observation of the fruit for an additional 2 to 3 d did not show further disease development. Although promising for resistance, PI 214049 was slow to produce female flowers and fruit in Michigan growth conditions (Table 2) .
Based on these studies, PI109483, PI178884, and PI214049 may be considered as possible sources of resistance to young cucumber fruit infection by P. capsici. Evaluation of the S 1 progeny of PI109483 indicates that the resistance is heritable and should allow for development of useful breeding materials that can be used for developing P. capsiciresistant cucumber cultivars. As a result of the possible variation or segregation within accessions, it will be important to develop true breeding-resistant stock lines to facilitate future breeding efforts. 
